Introduction {#S1}
============

Cochlear implants can restore hearing function to people with a severe or profound hearing loss using an electrode system stimulating endocochlear surviving neuronal cells. Two main variables affect the performance of cochlear implants: the processor\'s capacity to deliver effective bursts of electrical impulses and the ability of the patient to receive such stimuli and process them appropriately.

The fitting procedure for a cochlear implant aims to establish suitable electrical stimulation levels for each channel. It includes measuring each electrode for the lowest current level that evokes an auditory sensation (T-level) and for the highest current level that does not elicit an uncomfortable loud sensation (C-level). The objective of this investigation was to evaluate time variations of these main fitting parameters in CI users. Many authors adopt study intervals at one month after activation, followed by three months, six months and 12 months [@R01]^-^[@R03]; in some cases, intervals at 24 and 36 months are also used [@R04] [@R05]. Thus, we followed the mostly widely-adopted timing criteria to better compare our data with other reports.

Materials and methods {#S2}
=====================

Twenty-six profoundly hearing-impaired adults implanted by our department between 2009 and 2011 were studied. There were 16 males and 10 females ranging in age between 18 and 58 years who had either pre-lingual (n = 21) or post-lingual (n = 5) deafness: all were selected according to the latest criteria [@R06].

In our patients, the aetiology of deafness remained unknown in 46% of cases, while 34% was due to environmental factors, 15% to genetic causes and 4% to other clinical features. Details of the different aetiologic causes are provided in [Table I](#T1){ref-type="table"}.

###### 

Aetiologies of profound sensorineural hearing loss in our cases (percentages are rounded).

  Aetiology                                                                      Number of patients   \%
  ------------------------------------------------------------------------------ -------------------- ----
  Unknown                                                                        12                   46
  Genetic                                                                        4                    15
  Prenatal infections (Rubella)                                                  1                    4
  Prematurity/neonatal intensive care unit stay (sepsis, hypoxia, jaundice)      5                    19
  Postnatal infections (meningitis, measles, chronic suppurative otitis media)   3                    11
  Multiple sclerosis                                                             1                    4
  Total                                                                          26                   

According to the fact that the aetiology of deafness contributes to outcomes only to a very small extent [@R07], we did not consider separate groups in collecting the results.

The degree of deafness was bilateral and profound. Cases of bilateral implantation were excluded.

Our study protocol included assessment during device activation (T0, approximately 30 days after surgery - mean: 28.5 days), after one month (T1), 3 months (T3), 6 months (T6) and a year (T12). We chose these time points to better compare our data with existing literature reports, which adopted similar timing.

All patients received the same model of perimodiolar array (CI24RE by Cochlear LTD). Furthermore, the same surgical technique (cochleostomy) was performed on all patients; i.e. a manual and progressive introduction of the array, removal of the stylet at the end of insertion in scala tympani and always applying the recommended precautions of soft surgery for this device [@R08]^-^[@R11].

For this study, we excluded patients with incomplete insertion and/or with cochlear malformations and/or impedance values more than 20 kOhm even if occurring in only one electrode of the patient\'s array, and also if noted at one visit during follow-up. All patients received the same fitting using the ACE strategy at the same default fitting parameters (rate = 900 pps, pulse width = 27 μsec). The T-SPL (minimum intensity input level that results in electrical stimulation) employed was set at 25 dB. Maxima were selected according to patient preference considering subjective quality of perceived sounds: variations were noted from 8 to 12.

At the beginning of each session, electrical impedance was measured and the subjective values of T-level and Clevel for each electrode were obtained. T-level was found on a channel-by-channel basis starting with an audible stimulation and reducing the energy level until the patient reported that there was no longer any sound perception. As for C-level, single channels were selected and the energy level was increased until the patient reported hearing a loud, not uncomfortable sound.

Overall mean values were evaluated for the full array and for grouped data by considering basal electrodes (E1 to E7), middle (E8 to E14) and apical (E15 to E22) named according to anatomical cochlear segments.

The progression of the values of T-level and C-level at observational periods was assessed using a repeated-measures analysis of variance (ANOVA). Post-hoc comparisons utilised the Bonferroni method of confidence interval adjustment. The probability error accepted for significant values was p \< 0.05 after Bonferroni correction, which adds a very restrictive criteria for significance.

Speech audiometry was not considered as to its variability was mostly noted in preverbal patients, which are numerous in our cohort.

We prefer a subjective method for fitting T and C values, as we had no non-collaborating patients and to optimize compliance throughout the total time of study. An alternative method such as neural response telemetry is objective, but correlates only to a certain extent with subjective measures. In fact, in another study [@R12], prediction of the contour of T- and C-levels from the contour of NRT thresholds across electrodes would not be appropriate for half of subjects.

Results {#S3}
=======

Raw data showed increasing mean values for T-levels and C-levels, with a reduction of standard deviations in the final stages, T6 and T12 ([Table II](#T2){ref-type="table"}) comparing the results for the full complement of all electrodes for all subjects. [Figures 1a and 1b](#F1){ref-type="fig"} illustrate these changes as mean values for T- and C-levels. The repeated measures analysis of variance showed significant differences for TLevel \[F = 44.11; p \< 0.001\] and for C-Level \[F = 93.69; p \< 0.001\]. The Bonferroni post-hoc comparison yielded significant incremental changes for T0 to T1 in T-level \[p \< 0.0001\] and C-level \[p \< 0.0001\], and from T1 to T3 in T-level \[p = 0.0013\] and C-level \[p = 0.0023\]. No significant differences were obtained for incremental changes for the T3 to T6 measurements or from T6 to T12.

![(1a) Overall variation in mean T-levels for the full array, (1b) showing the overall variation in mean C-levels for the full array, n = 26. Significant differences for the test periods are shown (p-values are Bonferroni corrected).](0392-100X-34-111-g001){#F1}

![Time sequence of the values of T (left figures, a, c, e) and C-level (right figures, b, d, f) differentiated by apical (top figures), middle and basal (down figures) electrode groups.](0392-100X-34-111-g002){#F2}

###### 

Full array, n = 26, raw mean values and standard deviation for T-levels, C-levels at various times of observation are shown for activation at approximately one month after surgery (T0), after one month (T1), 3 months (T3), 6 months (T6) and a year (T12).

        T-level average   Std dev   C-level average   Std dev
  ----- ----------------- --------- ----------------- ---------
  T0    106.20            4.63      143.97            3.19
  T1    130.74            4.14      181.26            4.04
  T3    142.92            3.21      192.95            3.14
  T6    143.99            2.89      195.65            2.48
  T12   147.51            2.60      198.70            2.23

The same analysis was conducted for each cochlear partition differentiating the electrodes by groups for apical, middle and basal regions compared to the entire cochlear array. The results for the apical cochlear segment for the repeated measures analysis of variance reached significant differences for T-Level \[F = 44.92; p \< 0.001\] and C-Level \[F = 81.70; p \< 0.001\]; Bonferroni post-hoc comparison yielded significant incremental changes from T0 to T1 in T-level \[p \< 0.0001\] and C-level \[p \< 0.0001\], and from T1 to T3 in T-level \[p = 0.0007\] and C-level \[p = 0.0005\]. We obtained non-significant incremental changes from T3 to T6 and from T6 to T12. In the middle cochlear array segment, the repeated measures analysis of variance showed significant differences for T-Level \[F = 42.73; p \< 0.001\] and for C-Level \[F = 96.54; p \< 0.001\]; Bonferroni post-hoc comparison showed significant incremental changes from T0 to T1 in T-level \[p \< 0.0001\] and C-level \[p \< 0.0001\], and from T1 to T3 in T-level \[p = 0.0012\] and C-level \[p = 0.0040\]. Incremental changes from T3 to T6 and from T6 to T12 were not significant. In the basal cochlear array segment, repeated measures analysis of variance revealed significant differences for T-Level \[F = 33.56; p \< 0.001\] and C-Level \[F = 77.09; p \< 0.001\]; Bonferroni post-hoc comparison yielded significant incremental changes from T0 to T1 in T-level \[p \< 0.0001\] and C-level \[p \< 0.0001\], and from T1 to T3 in T-level \[p = 0.0090\] and C-level \[p = 0.0143\]. No significant differences in incremental changes from T3 to T6 and from T6 to T12 time intervals were observed.

[Table III](#T3){ref-type="table"} summarises the results of comparison between the electrode groups at different follow-up points: in T0 for T-Level significant differences \[F = 7.82; p = 0.001\] with Bonferroni post-hoc comparison significant difference in Apical vs Basal \[p = 0.022\] and Middle vs Basal \[p = 0.0006\], no statistical difference in Apical vs Middle; for C-Level significant differences \[F = 4.57; p = 0.015\], but with Bonferroni post-hoc comparison no significant difference in Apical vs Basal \[p = 0.0847\], Middle vs Basal \[p = 0.371\] and Apical vs Middle \[p = 0.1371\]; in T1 for T-Level significant differences \[F = 5.39; p = 0.008\] with Bonferroni post-hoc comparison no significant difference in Apical vs Basal \[p = 0.1285\] and Apical vs Middle \[p = 1\], statistical difference in Middle vs Basal \[p = 0.0056\]; for C-Level, no significant differences \[F = 0.77; p = 0.468\]; in T3, no significant differences for T-Level \[F = 2.27; p = 0.114\] and C-Level \[F = 0.70; p = 0.503\]; in T6, no significant differences for T-Level \[F = 1.91; p = 0.159\] and C-Level \[F = 0.85; p = 0.434\]; in T12, no significant differences for T-Level \[F = 0.18; p = 0.833\] and C-Level \[F = 1.79; p = 0.177\]. [Figure 3](#F3){ref-type="fig"} shows that the basal T-level values were slightly higher compared to middle and apical, unlike the C- level values that were always overlapping. C-level values showed no significant differences.

![Time sequence of the values of T (3a) and C-level (3b) differentiated by apical, middle and basal electrodes.](0392-100X-34-111-g003){#F3}

###### 

Comparison between electrode groups at different follow-up times of T-and C-levels (significant difference are highlighted).

  ------------------------------- ----------------------------------------------------- ----------------------------------------------------- ----------- ----------- -----------
  **T-Level**                     **T0**                                                **T1**                                                **T3**      **T6**      **T12**

  **Apical vs Middle vs Basal**   F = 7.82\                                             F = 5.39\                                             F = 2.27\   F = 1.94\   F = 0.18\
                                  [p = 0.001]{.ul}                                      [p = 0.008]{.ul}                                      p = 0.114   p = 0.159   p = 0.833

  **Apical vs Middle**            p[^a^](#T3FN1){ref-type="table-fn"}=1                 p[^a^](#T3FN1){ref-type="table-fn"}=1                                         

  **Middle vs Basal**             [p[^a^](#T3FN1){ref-type="table-fn"} = 0.0006]{.ul}   [p[^a^](#T3FN1){ref-type="table-fn"} = 0.0056]{.ul}                           

  **Apical vs Basal**             [p[^a^](#T3FN1){ref-type="table-fn"} = 0.0220]{.ul}   p[^a^](#T3FN1){ref-type="table-fn"} = 0.1290                                  

  **C-Level**                     **T0**                                                **T1**                                                **T3**      **T6**      **T12**

  **Apical vs Middle vs Basal**   F = 4.57\                                             F = 0.77\                                             F = 0.70\   F = 0.85\   F = 1.79\
                                  [p = 0.015]{.ul}                                      p = 0.468                                             p = 0.503   p = 0.434   p = 0.177

  **Apical vs Middle**            p[^a^](#T3FN1){ref-type="table-fn"} = 0.137                                                                                         

  **Middle vs Basal**             p[^a^](#T3FN1){ref-type="table-fn"} = 0.371                                                                                         

  **Apical vs Basal**             p[^a^](#T3FN1){ref-type="table-fn"} = 0.085                                                                                         
  ------------------------------- ----------------------------------------------------- ----------------------------------------------------- ----------- ----------- -----------

Bonferroni corrected

Discussion {#S4}
==========

Previous changes over time in electrical stimulation levels have been reported for adults [@R13]^-^[@R15]. In particular, Hughes [@R13] stated that C-levels and T-levels stabilised within 12 months of use. The results of the present study indicate that T-levels and C-levels tend to increase up to T12, with significant changes seen up to T3. Later changes observed up to T12 were not considered significant. These results appear as a slowing, although not a cessation, of change after T3. The significant difference between T1 and T12 for T- and C-levels in all electrodes may be due to a more conservative approach in setting the T1 values in patients seen at first mapping. In particular, the important interval differences observed between T1 and T12 may be due to excessive reduction of T1 values rather than a real increase in T12 values.

The non-significant values noted after T3 agree with an earlier intervention of cochlear factors of variations.

The differences noted in the basal T-level responses compared with middle and apical suggest involvement of anatomical factors in that location. Fayad [@R16] reported a basal prevalence of fibrosis and newly-formed bone after implantation in humans. Our results agree with such a basal anatomical modification, which can be related to the different mean basal T-levels compared to middle and apical findings.

In our patients, the same surgical technique was always implemented; therefore, the result of higher T-values in basal electrodes could be due the insertion technique compared to the round window route. Against this hypothesis, there are the histological findings of Fayad [@R16], who reported that five round-window surgeries compared to five cochleostomies did not yield significant differences in the amount of fibrosis, bone or, in general, of the newly-formed tissue or in residual sensorineural cells. According to Kawano [@R17], T-values correlate with the level of fibrous tissue and new bone, particularly with the former. The trend for average T-levels to be lower in the middle and apical segments is consistent with a more robust middle and apical turn survival of sensorineural cells and/ or a closer distance between array and modiolus. Average C-levels did not exhibit any substantial differences between various electrodes at different evaluation periods. This finding agrees with a prevalence of extracochlear factors in defining C-levels; e.g. a) the prolonged activating effect of electrical stimulation on the fibres of the auditory nerve, b) the intervention of central auditory pathways, c) purely cortical factors such as learning or patient preference of a more or less robust stimulation.

Only one study [@R07] deals specifically with the statistical optimization of speech processor readjustment by considering fitting time intervals to maintain the maximal variation in 90% of recipients between two consecutive fittings within 6 current units.

Clinically, the data presented may be useful when scheduling patients for fitting sessions where appointments are more frequent in the first months after activation when there are more intensive fitting parameters variations.

Conclusions {#S5}
===========

T-levels in the basal turn exhibit higher values consistent with a greater amount of fibrosis, as reported in other studies. Fitting sessions should be scheduled more frequently during the first three months as indicated by the relatively greater changes seen in the slopes of early T- and C-levels.
